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Abstract 

Resonance Raman spectra of Fe(bpy),*+ (bpy = 2,2’-bipyridine) have been recorded under excitation 
into two different metal-to-ligand d+r* charge transfer absorption bands (AeX= 354.7 or 532.0 nm) 
of the complex. The relative intensities of the active intraligand vibrations exhibit a marked dependence 
on excitation wavelength. Normal modes assigned to distortions along the long axis of the bpy molecule 
are found to undergo greater relative enhancement under UV excitation, while those modes associated 
with large displacements within the diimine core are preferentially enhanced under visible excitation. 
These observations are consistent with the coefficients and the phase relations of the 2p~r atomic 
orbitals of the lowest lying n* orbitals of the bpy moiety as calculated by extended Huckel theory. 
Thus, the results lend strong support to previous assignments of the resonance Raman spectra of 
M(bpy)3zf systems. 

Introduction 

Complexes of the type M(bpy),*+, where M is in 
the iron group and bpy represents 2,2’-bipyridine, 
constitute a class of chromophore which has received 
considerable attention over the past two decades. 
The visible spectra are dominated by metal-to-ligand 
charge transfer (MLCT) transitions involving exci- 
tation into the lowest unoccupied rr* orbital of the 
bipyridine ligand. The next lowest energy orbital of 
bipyridine occurs about 1 eV to higher energy [l]. 
As discussed by Orgel [2] the two r* orbitals are 
distinguished by their symmetry with respect to the 
mirror plane which bisects the bond between the 2 
and 2’ carbons. The lower energy rr* orbital is 
symmetric with respect to the reflection (Fig. 1) and 
is designated as +!I. The higher energy, antisymmetric 
orbital is called x. In Ru(bpy),*+ and 0s(bpy)32+ 
only the d + ++ (JI) transition is well-resolved, but 
the MLCT transitions of Fe(bpy),‘+ are red shifted 
and both the d + rr* (q) and d--f rr* (,y) transitions 
are resolved. 
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IN 46805, U.S.A. 

x 
Fig. 1. Schematic representation of the relative magnitudes 
and signs of the coefficients of the 2p7r atomic orbitals in 
I/J and x, the two lowest unoccupied ti molecular orbitals 
of 2,2’-bipyridine. 

In the case of Ru(bpy)3*+ and Os(bpy),‘+, the 
lowest energy MLCT excited states are reasonably 

long-lived (580 [3] and 19 [4] ns in aqueous solution 
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at room temperature, respectively) while that of 

Fe(bpy),‘+ has a much shorter lifetime (0.8 ns [4]). 
In addition to the electronic spectra, the resonance 
Raman and time-resolved resonance Raman spec- 
troscopy of the M(bpy),‘+ systems have also been 
extensively investigated [5-1.51. Resonance Raman 
scattering from the MLCT excited states of the Ru(II) 
and Os(I1) complexes has been observed in a one 
pulse experiment using a frequency trebled Nd:YAG 
laser (c. 5 mJ per pulse) [7,8], while at pulse energies 
up to 15 mJ per pulse, only scattering due to the 
ground state of Fe(bpy),‘+ can be observed. 

Caswell and Spiro [16] have proposed assignments 
of the ground and excited state Raman spectra of 

Ru(bpy)32+ by analogy with the biphenyl molecule 
whose normal modes of vibration have been studied 
in some detail [17]. In order to generate further 
support for the ground state assignments, we have 
measured the resonance Raman spectrum of 

Fe(bpy)J2+ by exciting into both the d --, rr* (JI) and 
the d + d (x) absorption bands, and our results are 
discussed below. 

Experimental 

Materials 
[Fe(bpy),J(C10d)2 was obtained from GFS Che- 

micals and used without further purification. 

Instrumentation 
UV-Vis spectra were obtained using either a Cary 

219 or a Perkin-Elmer Lambda Array 3840 spec- 
trophotometer. Resonance Raman spectra were re- 
corded using a Nd:YAG laser based system previously 
described [ 181. 

Methods 
Solutions were prepared using doubly distilled/ 

deionized water and were typically 5-10~ 10v4 M 
in Fe(bpy),‘+. Na2S04 was present at 1.0 M as an 
internal intensity/frequency standard. The spectra 
were collected using 90” excitation. The 354.7 nm 
spectrum was collected in the second order, while 
the 532.0 nm spectrum was collected in the first 
order. Band intensities in each spectrum were de- 
termined by the trace-and-weigh technique and cor- 
rected for reabsorption by a slight modification of 
the method of Spiro et al. [19]. 

A standard extended Huckel program was used 
to perform the MO calculations. The geometry of 
c&2,2’-bipyridine was taken from Yagi et al. [20]. 
The relative magnitudes and signs of the coefficients 
of the 2p~r atomic orbitals in the II, and x molecular 
orbitals are shown schematically in Fig. 1. 

Results 

The UV-Vis spectrum of Fe(bpy),‘+ is shown in 
Fig. 2. The band at 350 nm corresponds to a MLCT 
d + r* (x) transition [l] and has a molar extinction 
coefficient of 6600 M-’ cm-‘, while that at 520 nm 
corresponds to the d+r* ($) MLCT transition [l] 
with an extinction coefficient of 8800 M-’ cm-‘. 

The resonance Raman spectra obtained by exci- 
tation into each of these bands are presented in Fig. 
3. The intense band at 982 cm-’ is due to the 
presence of SOA2-. The corrected intensities are 
given in Table 1. Each spectrum is dominated by 
bands which may be attributed to the skeletal vi- 
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Fig. 2. Electronic absorption spectrum of [Fe(bpy),](ClO& 
in aqueous solution. The MLCT d + ?r (JI) and d --) ti 
(,y) transitions occur at 520 and 350 nm, respectively. 
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Fig. 3. Resonance Rarnan spectra of Fe(bpy),*+ obtained 
by excitation at (a) 532.0; (b) 354.7 nm. The band at 982 
cm -’ is due to the presence of 1 M SO,‘- added as an 
internal frequency standard. 
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TABLE 1. Ground state resonance Raman frequencies and intensities for Fe(bpy)s’+ and correlations with biphenyl 

Symmetrya Mode” Wavenumber 

Cm-‘) 

Ik (@jb Ik (x>” A’k (‘b) A’k (xl’ A’k (+)/Aft(X) 

lJ4 1608 0.27 0.79 0.48 0.70 0.69 
v3 1566 0.59 0.57 0.72 0.61 1.18 
v5 1492 1.39 0.74 1.17 0.73 1.60 
v4 1448 <O.Ol 0.10 < 0.10 0.28 < 0.36 
v6 1322 0.73 0.61 0.96 0.75 1.28 
v6 1279 0.29 0.27 0.62 0.52 1.19 
v7 1174 0.41 0.19 0.80 0.47 1.70 
v8 1068 0.07 0.13 0.37 0.44 0.84 
v9 1025 0.48 0.65 1.00 1.00 1.00 

‘Symmetry and modes of the biphenyl vibrations in D I symmetry, see refs. 16 and 17 and Fig. 4. bCYorrected intensities 
of the resonance Raman bands under 532.0 ($) and 354.7 (x) nm excitation, in arbitrary units. ‘See text for explanation 
of the symbols. 

brations of the bipyridine ligands. While the Raman 
shifts are independent of excitation wavelength, the 
relative intensities of the bands exhibit a marked 
dependence on the excitation wavelength. 

Discussion 

The intensity changes observed in the Raman 
spectrum on passing from the non-resonance condi- 
tion to the resonance condition reflect the changes 
in molecular geometry on passing from the ground 
state to the excited electronic state [21-251. Because 
of its unique electron density distribution, the equi- 
librium structure of the excited state is distinct from 
that of the ground state. In the resonance Raman 
spectrum scattering is strongly enhanced for precisely 
those modes, normally totally symmetric vibrations, 
along which the displacement from the ground state 
structure occurs. The distinct intensity patterns ob- 
served in each of the resonance Raman spectra in 
Fig. 3 indicate that Fe(bpy),*+ undergoes different 
distortions in the two charge transfer states. 

molecule. If the same coordinate system is applied 
to the 2,2’-bipyridine molecule, the 4 and Bzu modes 
of biphenyl are found to correlate with the A1 modes 
of 2,2’-bipyridine where y is a basis for A1 in the 
CzV subgroup. The same correlation is made by 
Caswell and Spiro 1161, although there appears to 
be some confusion in their choice of axes. They base 
the assignment of the ground state resonance Raman 
spectrum of Ru(bpy),‘+ on frequency comparisons 
with the Ag and Bzu modes of biphenyl. Excellent 
correspondence is achieved with no modes being 
shifted by more than 50 cm-‘. The relevant normal 
modes of biphenyl are presented in Fig. 4 with the 
hydrogen atom contributions omitted for the sake 
of clarity. 

In order to correlate the relative intensities of two 
bands in the Raman spectrum with their relative 
displacements, the following relationship can be used 
[26, 271. 

Ik Ak2k2 _=- 
li A?? (I) 

Despite the fact that a wide body of data is available In this equation Ik and Ii denote the intensities, at 
regarding the resonance Raman spectroscopy of the a given excitation wavelength, of the bands with 
tris-bipyridyl complexes of Fe(II), Ru(I1) and Os(II), frequencies k and i, while Ak and Ai denote the 
assignments of the vibrational spectra of these displacements of the corresponding modes. Strictly 
complexes are rare in the literature. Recently, Kincaid speaking, this equation is only applicable in the pre- 
and co-workers have published a normal coordinate resonance region or for excited states with extremely 
analysis of Ru(bpy),*+ [15]. Caswell and Spiro [16] short lifetimes. In view of the sub-nanosecond lifetime 
have proposed assignments of the ground and excited of Fe(bpy)3’+, the errors are probably small. For 

state Raman spectra of Ru(bpy),2+ with reference each type of excitation 4, i.e. + or x, we use the 
to the normal modes of biphenyl for which more spectral intensities in conjunction with eqn. (1) to 
detailed data are available [17]. In Da symmetry, calculate A’,(+) (= Ak/AlO&, the displacement along 
the in-plane biphenyl modes are classified as PLg, the normal coordinate with frequency k relative to 
B1,, BzU and BSu if a standard coordinate system is that along the ring breathing coordinate which has 
imposed upon the biphenyl molecule with x along been assigned to the band at 1025 cm-’ (Table 1). 
the long axis of the biphenyl molecule, y along the This choice of a reference coordinate is reasonable 
short axis, and z perpendicular to the plane of the since all C-C and C-N bonds are affected roughly 



A, \‘8 A, vg 

Fig. 4. Atomic displacements for the in-plane vibrations of the biphenyl molecule in Da symmetry, taken from ref. 17. 

The contributions of the hydrogen atoms have been omitted for the sake of clarity. 

equally by the vibration; however, inferences drawn 
below would be evident regardless of which mode 
is used as the reference . Finally, Ark($)/A’&) is 
taken as an indication of the relative displacement 
that occurs in the excited state along a given normal 
coordinate for d + V* (Jr) versus d -B r* (x) excitation. 
The results in Table 1 suggest that the modes cor- 
responding to the bands at 1566, 1492, 1322, 1279 
and 1174 cm-’ experience a greater relative dis- 
placement with JI excitation. Figure 4 reveals that 
in each case significant stretching of the C2-N, C2’-N’ 
and/or CZC2’ bond is predicted to occur in the 
assigned normal mode of vibration. This is in accord 
with Fig. 1 which shows r* ((cl) to be strongly 
antibonding between C2 and N and between C2’ 
and N’ and strongly bonding between C2 and C2’. 
On the other hand, according to the results in Table 
1, the modes associated with the bands at 1608, 1068 
and 1448 cm-’ experience a greater relative dis- 
placement with x excitation. Fittingly, these bands 
are assigned to modes which involve significant de- 
formation of the N-C6, N’-C6’, C3-C4 and C3’-C4’ 
bonds which are expected to undergo elongation 
upon population of r* (x); see Fig. 1. 

Clearly, planar biphenyl and coordinated bipyridine 
are quite different chemical species in terms of 
structure and molecular symmetry. Nevertheless, 
qualitative intensity considerations are quite consis- 

tent with the proposal of Caswell and Spiro [16] 
that the skeletal vibrations of coordinated bipyridine 
can be correlated with normal modes previously 
assigned for the planar biphenyl molecule. Indeed, 
our results appear to be more consistent overall with 
the assignments of Caswell and Spiro than the more 
recent normal coordinate analysis by Kincaid and 
co-workers [28]. In particular, these authors assign 
the 1174 cm-’ band as essentially a CCH bending 
vibration. Inview of the relatively strong enhancement 
with IJ excitation and the shift that this band under- 
goes on reduction of the ring system [29], the CrN 
stretching character seems likely to be important. It 
is also difficult to reconcile our results for the 1068 
and 1608 cm-’ modes with the normal coordinate 
analysis where significant C&N and C&Z=, stretching, 
respectively, are assigned to these coordinates [28]. 

In conclusion, the resonance enhancements we 
observe with 4 and x excitation are consistent with 
the proposed normal coordinates and a simple mo- 
lecular orbital treatment. The agreement is sur- 
prisingly good in view of the fact that only two 
excitation wavelengths were available and different 
degrees of vibrational excitation within the electronic 
excited states are probably achieved. In addition, a 
referee has pointed out that the transition to the 
x orbital is relatively weak and that pre-resonance 
effects from other states may also contribute to the 
observed intensity pattern for the short wavelength 
excitation. 
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